Theoretical and Experimental Investigation of a Single-Stage Positive Displacement Compressor Work Processes with a Two-Phase Working Medium by Plastinin, P. I. et al.
Purdue University
Purdue e-Pubs
International Compressor Engineering Conference School of Mechanical Engineering
1986
Theoretical and Experimental Investigation of a
Single-Stage Positive Displacement Compressor





Follow this and additional works at: https://docs.lib.purdue.edu/icec
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Plastinin, P. I.; Scherba, V. E.; and Cabakow, A. N., "Theoretical and Experimental Investigation of a Single-Stage Positive
Displacement Compressor Work Processes with a Two-Phase Working Medium" (1986). International Compressor Engineering
Conference. Paper 594.
https://docs.lib.purdue.edu/icec/594
THEORETICAL AND EXPERIMENTAL INVESTIGATION OF A 
SINGLE-STAGE POSITION DISPLACEMENT COMPRESSOR 
WORK PROCESSES WITH A TWO-PHASE WORKING MEDIUM 
P.I. Plast1n1n, Dr. of Science, 
Professor in Compressor Engineering 
V.E. Scherba, Candidate of Sc1ence 
A.N. Cabakow, cand1date of Sc1ence 
THESIS 
At the present t1me one of the main ways to 
increase the operation eff1ciency of the positive dis-
placement compressors is to improve the cooling of the 
gas to be compressed. 
It can be gained by in]ect1ng the cooling liquid 
drops 1nto the compressed air. 
The analysis carried out on the existing methods 
of calculation of the work processes revealed some 
drawbacks, such as: 
l. discharge, suct1on and expansion processes have 
not bee considered at all; 
2. the assumptions taken do not give a full agree-
ment WJth the experimental data; 
3 _ t.he work spent. on the liquid inJection was 
neglected. 
To 1nvest.1gate the operation of a positive dis-
placement. compressor with a two-phase working medium 
t..he following mathematical model based on a number of 
equatlons 1s suggested: 
a. thermodynamic equation for the variable mass on a 
cond1tion of 1nner and outer migration of heat 
transfer agents; 
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b. mass equation; 
c. mixing equation; 
d. equation of state. 
II. For the Fluid: 
a. equation of a heat balance; 
b. mass equatton; 
c. mixing equatton. 
III. Equation of Motion for Suction and Discharge 
Valves Open Area Change. 
The elementary summary contact heat exchanger, 
taking 1nto consideratton the heat interaction between 
the phases of the working medtum and the surface of a 
control space was defined according to the law of 
Newton-Rihman. 
The mass heat exchange between the phases of t.he 
worktng med1um was computed accordtng to Maxwell law, 
tak 1ng 1 nt o account t.he 1nf luence of the state variable 
parameters of the gas phase and the surface curvature 
between the phases on a diffusion coefficient. 
A mi.lt.hemat 1cal model developed for the pas it.ive 
d1splacement compressor with a two-phase gas-liquid 
system was realized in the programs called 1n algo-
rithmtc language as "Fortran-2" and "Fortran-4" and was 
appl1ed wh1le making calculations for piston and vane 
r:compressor. 
The compar1son of theoretical calculations with 
expertmental data ohtatned for the piston compressor 
Wtth a two-phase gas-ltquid system proved that the 
dtscrepancy in defining momentum state variable parame-
ters for the work processes ts w1thin the limits of 
10%, but the definit1on of such main compressor charac-
tertstJcs as 1ts r:capacity and an tndtcated efficiency 
lS w1th1n the limi~s of 3%, which fits the developed 
mathematical model. 
Taktng the mathemat1cal model of the work 
processes tnto account, the analysis of the effect of 
tile 1n:1ected l1qu1d matn parameters, such as quantity, 
dtspersJvit.y and temperature, the pressure ratio and 
the speed ot' a crankshaft rotat1on on the operation of 




One of the most effective ways to 1ncrease an 
economic effic1ency of the pos1tive d1splacement 
co~pressors 1s to add a cooling l1quid in a highly 
dispersed condition into the gas be1ng compressed (1). 
Add1tion of a flu1d phase helps to reduce greatly 
a leakage as well as a mass change of the working 
mediu~ and prov1des an intens1ve increase of a 
d1scharge process and improvement of the effic1ency and 
the output of a compressor (2,3). 
Nevertheless that at the present time 1n the USSR 
(l-7) as well as abroad a great exper1ence has been 
gained in the f1eld of des1gning and operat1on of the 
positive displacement compressors with a gas-llquid 
two-phase syste~, the theoret1cal problems of the1r 
work processes still need thelr solution. 
The analysis of the theoret1cal methods available 
a:t. pre.sent., wh1ch are used to calculate work processes 
of a positive displacement compressor with a gas-liquid 
system w.as carried out and brought the following calcu-
latlons: 
a. no calculation for discharge, suct1on and expan-
Slon processes were made; 
b. wit.h calculating a compresslon process, assump-
tions far from experimental results were take-n 
(6,7). It concerns an assumption that the 
inject.ed liqu 1d evaporates either momentally or 
uniformly, or the system liqu1d-vapor during the 
whole period of investigation is in a saturated 
state; 
c. work, spent on liqu1d injection was not taken 
into account. The foregoing reasons interfered 
with an aspect est1mation of the injected l1quid 
influence on the efficiency and the capacity of 
the compressor. 
The given paper includes the main theoretical 
solutions, allowing to co~pute the work processes of a 
positive displacement compressor with a two-phase work-
ing medium, the way they fit a mathematical model by 
comparing wtth the experimental data as well as the 
matn results of a numerical 1nvestigat1on of the work-
ing processes, which help to realize physical phenomena 
occurring in the compression chamber of a positive dis-
placement compressor with a two-phase working medium. 
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II. MAIN THEORETICAL APPROACHES OF DEVELOPING 
A MATHEMATICAL MODEL OF THE POSITIVE 
DISPLACEMENT COMPRESSOR WORK PROCESSES WITH 
A TWO-PHASE WORKING MEDIUM 
To develop a mathematical model the follow1ng ma1n 
assumpt1on should be taken into cons1deration: gas 
medium 1s cont1nuous and follows the laws taken for an 
ideal gas; l1quid drops have a spheric form; the cool-
J.nq l1quld drops are the same size; no crushing and 
coRgulatton of drops 1n a gas current; a speed of 
ltqutd drops 1n relat1on to a gaseous phase 1s rather 
slow, no discrepancy in temperature d1str1bution along 
a drop rad1us and the heat and mass exchange processes 
1n the compressor vanes are quasistationary. 
The mathematical model of the posit1ve displace-
ment compressor work processes with a two-phase gas-
llquJd system is based on the following equations: 
a. thermodynamic equation for a variable mass change 
on a condltion of inner and outer migration of 
heat transfer agents; 
b. mass equation; 
c. mixing equation; 
d. equation of stat.e. 
a. equation of a heat balance; 
b. mass equation; 
c. m1xing equat1on. 
3. Equation of Motion for Suction and Discharge Valves 
Open Area Change 
The system of equations to deflne the change of 
state variable paramet.ers of the working medium in any 
control space of a compressor Wlth a gas-liquid two-
phase syst.em 15 represented by: 
dU ~ dQ"'-dL+l:t dM -f.i dM +[.1.,. dM,, -f.i.,. dM.,. (1) 
L n n o o ~n ·vn ~o vo 
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T ( 3) 
p MR'cMT/V (4) 
d~ dM.., -dM.., -[(1-X )/X p:dM 
+((1-X )/X ]EdM (7) 




Equations (9) and (10) for posit1ve d1splac
ement 
compressors, having blocking elements desc
ribe their 
dynamics in the form: 
d 2 h 
mxn dT2 - pr - CnP (ho + h) ± GKn COSdo 
( 11) 
The elementary summary contact heat exchan
ger dQ 
includes the heat interact1on between the 
phases of t~e 
working medium and the surface of a contro
l space and 
is defined according to Newton-R1hman law. 
Mass heat, exchange interaction between the
 phases 
of t:he working medium is computed accordin
g to Maxwell 
law, taking into account the dependence of
 a diffusion 
coefficient from state variable parameters
 of a gaseous 
phas'e and t.he interface curvature. 
Elementary contour work dL is based on the
 work 
spent on the volume change at the expense of a moving 
1163 
mechanism and the change of the phase mass concentra-
tion of a condition of outer migration of heat transfer 
agents. 
Enthalpy and inner energy of a gaseous phase for 
the working medium lS defined by summing up enthalpies 
and inner energies of vapor and air. 
Thermophysical properties of the working medium 
phases and their components over the temperature range 
being investigated are interpolated by polynoms to the 
3-d and 4-th power. Mixing laws are used to define 
thermophysical properties of the gaseous phase of the 
working medium. 
A numeric analys1s of formulas used to calculate 
the average liquid drop radius was carried out and 
showed, that t.he most exact definition of the total 
heat tra.nsfer surface of t.he cooling liquid and its 
mass is obtained from the formulas (8). 
The working medium d1scharge when it is flowing 
through gas-d1stribut1on valves was computed from the 
formula, suggested by Academicians S.S. Cutateladze 
and M.A. Styrikov1ch (8), which for the case of a gas 




The analysis of the power consumption by a 
compressor revealed that for a positive displacement 
compressor with a two-phase gas-liquld system the power 
used for a liquid inJection is highly important. 
Hence, the power consumed by a compressor may be 
represented: 
( l3) 
The comparison of the economical operat1on of dif-
ferent types of injectors led to the conclusion, that 
one of the Slmplest 1n d·esign and the most effective 1n 
operation 1s a centrifugal pressure-jet burner. 
A calculation of injectors was carr1ed out by 
1ncorporating bot.h the theory worked out by G.N. 
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Abramovich and the experimental data obta1ned 
by A.G. 
Blah and E.S. K1chkina (8). 
The mathematical model bu1lt on the bas1s of t
he 
foregoing theoretical statements the pos1t1ve 
dlsplace-
ment compressors work processes was real1zed i
n the 
programs called in algorithmlc language as "Fo
rtan-2" 
and "Fortan-4" and was applied when computing 
piston 
and vane compressors with a two-phase working 
med1um. 
III. EXPERIMENTAL INSTALLATION AND THE 
CHECK-OUT OF ADEQUACY OF THE MATHEMATICAL MODE
L 
To obtain the !nformat1on required to develop 
a 
mat.hemat1cal model and to check up its adequac
y, an 
experimental 1nstallat1on with a piston compre
ssor and 
.l N10l1nq l1qu1d InJection was made. 
For exper iment.al lnvestigation a momentum pres
sure 
1n the compression chamber and under piston ca
vity was 
measured by means of a foil resist.ance strain 
gauge; a 
momentum temperature of a gaseous phase of the
 working 
medium was measured with a special device duri
ng 1-3 
cycles; the temperat-ure of the 1nlet air, inje
cted 
l1quid and the cylinder surface (along the cyl
inder 
sleeve perimeter and along a generat.ing line) 
was meas-
ured with t..he help of chromium-nickel alumel th
ermocou-
ples; the humidity of the injected and forced 
air, the 
amount. of the tn)ected liquld, the compressed 
air 
discharge and the power consumed by the compre
ssor were 
measured as well. 
The average radius for the liquid drops to be 
inject.ed into the compt:essor was calculated on
 the 
basis of the received experimental data. 
A possible error in measuring the above-mentio
ned 
values was defined. 
By applying the method of a regression analys1s t
o 
the experimental data we gain a formula to det
ermine 
the average temperature of the compression cha
mber sur-
face in a piston compressor of low capacity: 




and it was found that the average surface temp
erature 
of the compression chamber is highly dependent
 from the 
injected liquid temperature; furthermore, it d
epends on 
the relative anorent of the injected liquid kg
/kg, on 
the pressure ratio and is slightly affected by
 the 
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rotation speed of a crankshaft. 
Comparison of a theoretical invest~gation with the 
experimental data, where different values of the 
~njected liquid, its dispersity, temperature, the rota-
tion speed of a crankshaft and the pressure ratio were 
involved, showed that the discrepancy in defining 
momentum state variable parameters for different work 
processes is wtth the limit of 10%, but for the main 
external charactertsttcs of a compressor (capacity and 
efficiency) 1s within the l1mits of 3\ which fits the 
mathematJcaJ model adequately well. 
F1gure l t1lustrates the results of comparison of 
l'l i fferent 1nd i ca.t.1ng diagrams received theoretically 
and exper1mentally when invest1gat1ng work processes of 
the c<.>mpr·essor under the following conditions: 
Ecm- 6; n 0 o = 444zev/min; TBC = 340K; TKBC = 331.5K; 
XBC ~ 0.1712; ZKBC = ll3mkm; g 1 o.oo912; 92=0.9908; 
~ 2.875%. 
The g~ven results help to make the following con-
clusions: 
1. A good agreement of the theory w~th the experi-
ment for a momentum pressure in the compression 
chamber leads to the conclusion, that the mass 
and heat exchanges taktng place in a compressor 
cyltnder are accurately enough described by the 
mathematical method. 
2. A discrepancy in def1n1ng a momentum pressure in 
suction and discharge processes may be accounted 
for tak1nq t.he followtng assumptions, such as: 
there was no pressure change 1n compressor cavi-
ties and pipelines a fluid f1lm on the saddle 
surface and on the surface of the pressure rise 
l1m1ters does not Influence the mot~on of the 
hlockrnq elements, bes1des, there were some 
errors Jn experimental Investigation. 
HowPV0r. desp1te the d~screpancy exists max-
Imum pressurf"< losses in tnlet valves and ~n suc-
t.ton valves are deftned by the model accurately 
~nnuqh, which JUStlfles the assumptions taken for 
calculation of the working medium discharge when 
1t flowing through gas-dtstributlon valves. 
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IV. THE RESULTS OF INVESTIGATION 
Inclusion of a liquid phase 1nto the work1ng 
medium helps to reduce the tempe~ature of a g
as phase 
in the comp~essor cyl1nder over the whole rang
e of its 
ope~ at ion. 
The h1ghest reduction of the compressed gas te
m-
perature 1s observed at the end of the process
 of 
compress1on. 
So, we find out when the relative amount of th
e 
injected l1quid comes to 0.43 kg/kg, 1ts temp
erature 1s 
278 K and the drop radium is 50 mm, the reduc
tion of 
the temperature at the end of compression Wlth
 the 
pressure ratio of 5 comes to 50 K (F1g. 2). 
With the 1ncrease of the amount of the 1nJecte
d 
liquid the quantity of heat QK brought to the 
cooling 
liquid drops, which compr1ses a part of the to
tal heat 
quantity absorbed in the process of compressio
n grows, 
which results 1n the temperature reduce at the
 end of 
compression. 
At Xb =0.8, T b =288K, rkb =SOmkm, the relatio
n-
ship betwegn Q. an~ Qt comes Loc56%, but at X =0.5 it 
is equal to 84\. b
e 
The way of temperature change 1n the l1quid p
hase 
of the working medium in the compressor cylind
er is 
similar to the way of temperature change of th
e gaseous 
phase of a cylinder, however, the temperature 
of phase 
is essentially different. The 1ncrease of the
 injected 
liquid value as a result of density increase o
f the 
work1ng medium causes a rise of pressure losse
s in the 
processes of suction and discharge, but an J.n
t.ensive 
interphase heat exchange result in pressure re
duction 
during compression and pressure increase durin
g expan-
sion. 
A reduct1on of drops size of the injected liqu
id 
scales up t.he surface of interphase heat excha
nge and 
the coefficient of r:onvcctive heat ex:change w
hich 
causes a temperature drop of a gaseous phase 
in work 
processes of a compressor and a rise of a rela
tionship 
bet.ween QK and QI:. 
The increase of the intensity of interphase h
eat 
ex:change results in a temperature rise of the 
cooling 
liquid drops and intens1ty of a mass ex:change.
 
At ZKBC ~ 20mkm; dBnp ~ 0.05kg/kg; TKBC = 278K 
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the ~elationship between heat value, taken f~om the 
cooling liquid d~ops at the expense of evaporation and 
the heat value brought to the cooling liquid drops come 
to 36%, but at ZKBC = lOmkm it comes to 76% (Fig. 3). 
So, we may conclude, that when we inject liquid 
drops wit.h z < 20mkm a greater amount of heat 
brought to t~~cdrops is taken away because of evapora-
tion. 
~en liquid d:ops are adde~ with ZKBC ~ 40mkm, 
TKBC - 278K, glBC - 0.01, dBnP - O.lkgjgx. 
it can be observed that in the compressor cylinder dur-
ing the process of compression a condensation of vapor, 
contained 1n the compressed air occurs on the drops 
instead of evaporation of the cooling liquid drops. 
The analysis of the injected liquid main parame-
ters influence on the components of the power consumed 
by a compressor revealed, that their influence is 
rather complicated and contradictory. So, the increase 
of the amount of the tnjected liquid brings the reduc-
tion of the specific values of the rated powe~, of the 
power spent on compression and vapor transfe~ as a 
result of a less intens1f1cation of a mass exchange 
process duA to a temperature drop of the liquid phase 
of the working medium, but Increases power losses in 
valves and power expenses for injection. 
The tnvest1gat1on carried out stated, that the 
increase of thfl compressor capacity can be gained only 
at the expense of an 1ntensive cooling of the absorbed 
gas by tnJecttng it into the suction conduit and reduc-
ing the value of a dead space, because the liquid addi-
tion increases the expansion process, reduces the den-
sity of the absorbed gas as a result of pressu~e losses 
risf: 1n an inlet valve. decreases the amount of the 
inlet qas as a result of tnclusion of into a compressed 
<'lit of t,he cooling ltquid drops and their evaporation, 
which f1nally reduces a compressor capacity. 
1'he effect of a ]Jquid injection increases with a 
prP.ss•ne rat1o r1se. It helps to raise the pressure 
ratto in a compressor stage (Fig. 4) and to obtain a 
max •mum uff icH~ncy and a safe operation of a comp~es­
~~or _ 
NOMENCLATURE 
u - total tnner energy 










- mass of a gas phase 
- volume of a gas phase 
- pressure of the working medium 
-- mass of a l1quid phase 
- temperature of a l1qu1d phase 
- number of drops 
average radius of a drop 
specif1c 1sochor1c heat capacity of air 
- specific 1sochoric heat capacity of water 
steam 
- heat of steam formation 
- gas constant for a gas phase 1n a working 
medium 
- mass concentrat1ons of steam and air 1n a 
gas phase of a working medium 
- mass concentration of a gas phase a work1ng 
medium 
- gas force 
convective heat. exchange coeff1cient 
- surface of heat exchange between a 
compressed air and liquid drops 
- dens1ty of the l1quid 
- specif1c heat capacity of the liquid 
- mass of a moving element in a gas-
distribution valve 
- weight of a moving element in a gas-
distribution valve 
- spring rigidity 
- running elevation height 













- angle formed between the direction of a 
mov1ng element and a vertical line 
- elementary summary contact heat exchange 
- elementary contour work 
- coefficient of discharge 
- density of the working med1um 
- area of an open cross-section 
- adiabat indicator of a gas phase 
- pressure in a control space, where the 
working medium flows 
- gas phase dens1ty 1n a control space where 
the working medium flows 
- power consumed by a compressor 
- indicat.ed power 
- power used to overcome friction 
- power used for 1njection 
- power lost in energy transmission from the 
energy source to the compressor 
- average temperature of the compress1on 
chamber surface in a p1ston compressor 
- pressure rat1o 
- number of revolut1ons per minute 
- temperature of suction 
- 1njected drops temperature 1n the process 
of suction 
- constants 
- average rad1us of drops for suction 
- mass steam concentrat1on dur1ng suct 1 on 










- relat1ve value of a dead space 
relative gas phase concentrat1on dur1ng 
suct1on 
heat added to the cool1ng l1qu1d drops 
- total heat value absorbed In the process of 
compression 
- relat1ve quant1ty of an InJected l1quid 
- amount of heat used for liquid drops eva-
poration 
INDICES 
- attachable element of a gas phase 1n a 
working medium at outer m1gration 
- separated element of a gas phase In a work-
ing medium at outer migration 
- attachable element of a gas phase 1n a 
working medium at Inner migration 
- separated element of a gas phase 1n a work-
lng medium at Inner m1grat1on (evaporation, 
condensation) 
- refers to suction parameters 
FIGURES DESCRIPTION 
Comparison of Indicator diagrams obtained 
both experimentally and theoretically for 
t.he experimental p1ston compressor with a 
liquid inject1on. 
Dependences of the temperatures change at 
the end of a compression process from the 
pr~ossure rat10 with a different amount and 
dispers~vity of the Injected liquid. 
Dependences of a relationship change 
between Que and QK from disperslvity and 
amount of t:he injected l1quid. 
Dependences of an Indicated isothermal 
efficiency change from the pressure rat1o 
with a different amount and dispersivity of 
the inJected liquid. 
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